CuInS 2 thin films were produced by a two-stage process by means of the sulfurisation of magnetron-sputtered metallic precursor layers on molybdenum-covered soda-lime glass substrates. Terahertz pulse generation from the surface of CuInS 2 thin films excited by femtosecond laser pulses was studied. Terahertz radiation efficiency is dependent on the stoichiometry of the films obtained. The interface formation between vacuumevaporated CdS and CuInS 2 thin films was studied by photoelectron spectroscopy using synchrotron radiation. The valence band offset of 0.7 ± 0.1 eV was determined for the CdS/CuInS 2 heterojunction.
Introduction
CuInS 2 (CIS) with the band gap value of 1.5 eV and its high absorption coefficient of almost 10 5 cm −1 is representing an important class of the recently developed light absorbers for highly efficient and lowcost solar cells [1] [2] [3] . Recent studies have shown that CIS solar cell efficiency ranges from 10.2 to 12.3% [4] [5] . Many processing techniques for the preparation of CulnS 2 thin films have been extensively studied in order to fabricate cheaper devices [6] [7] [8] [9] . One of the most commonly used methods is a two-step process. The first step is the production of a precursor Cu-In film by evaporating [10] or sputter deposition [11] in a vacuum system. In the second step, the precursor film is placed in a sulfurisation furnace filled with H 2 S gas or elemental sulfur vapour for the formation of a CIS film. In this study, we have prepared CIS thin films by DC sputtering from the Cu-In target with successive sulfurisation in elemental sulphur vapour.
The band discontinuities between the CIS absorber and CdS buffer layer are critical for solar cell efficiencies. The offset itself can vary depending on the crystallinity and stoichiometry of the CIS absorber and the method of junction preparation. Photoelectron spectroscopy is widely used to determine valence band offsets in semiconductor heterojunctions. In this study, the interface formation between vacuum-evaporated CdS and CIS thin films has been studied by electron photoemission using synchrotron radiation.
The second object of the study was terahertz pulse generation from the surface of the thin films exited by femtosecond laser pulses. Photoexited electrons and holes are separated by the built-in field at the surface of the semiconductor, which produces fast-changing current transients and leads to radiation at THz frequencies. A strong internal field is responsible for THz emission from the surface of I-III-VI 2 compounds [12] . This field also leads to the separation of charge carriers in solar cells. So, the stimulated terahertz emission can be used as a non-destructive and contact-free method for the characterisation of thin film absorbers for solar cells. In this paper we present the results of the study of THz emission efficiency on CIS stoichiometry and surface preparation.
Experiment
CIS thin films were produced by the sulfurisation of DC magnetron-sputtered metallic precursor layers on molybdenum-covered soda-lime glass substrates. The sputtering was performed in Ar + at the pressure of about 2 Pa. The sputtering current was 30 mA, voltage 550 V. Under these conditions the deposition rate was ≈1.1 Å/s. The films of about 1 µm thickness were determined by profilometry. X-ray diffraction analysis confirmed the formation of a single CuInS 2 phase and the presence of minor secondary phases Cu 2−x S.
The interface formation between vacuum-evaporated CdS and the CIS thin film experiment were performed in the synchrotron radiation laboratory HASYLAB, Hamburg (Germany). Synchrotron radiation obtained from the storage ring DORIS III was monochromatised with the FLIPPER II plane grating vacuum monochromator designed for the photon energy range of 15-200 eV. The spectrometer was equipped with a CMA electron energy analyser. The total energy resolution was kept at 0.1 eV. The origin of the energy axis was set at Fermi energy as measured for the reference Au sample. CdS was deposited from a Knudsen cell in the preparation chamber, and the evaporation ratio of about 1.0 Å/min was determined using a quartz microbalance. After Shirley background [13] subtraction, complex photoelectron spectra were decomposed into separate peaks by specifying the peak position. The accuracy of the measured lines BE and relative intensities were about 0.1 eV and 10%, respectively.
THz radiation from the surface of CIS exited by laser pulses of 150 fs duration and the average power of 220 mW was studied using the experimental set-up described in [12, 14] .
Results and discussion
In other works [12, 14] the observation of the efficient THz radiation from the surface of chalcopyrite I-III-VI 2 compounds excited by femtosecond laser pulses has been reported. It has been found that terahertz radiation efficiency is critically dependent on the stoichiometry of CuInSe 2 layers [12] . The THz transient magnitude increases monotonically when the CuInSe 2 layer composition gets closer to the stoichiometric composition. On the other side, the CuInSe 2 monograin layer solar cell devices with different compositions of absorber material show a different behaviour of output parameters. Solar cell structures based on these absorber materials yield the highest values of efficiency, when the precursor Cu-In alloy composition varies between 0.9 < Cu/In < 1 [15] . It means that the efficiency of THz radiation from chalcopyrite could be useful for the characterisation of their eligibility in photovoltaic application. This study is the first step for the development of the above-mentioned method for the characterisation of materials. Figure 1 shows THz pulse spectra obtained from the CIS layers with a different stoichiometry. The largest pulse amplitudes were obtained when the Cu/In atomic ratio was about 0.9. A much weaker THz emission from CIS thin films was observed at Cu/In ratio ≤ 0.7. It confirms that THz radiation efficiency depends on the stoichiometry of CIS films. Photoelectron spectroscopy is widely used to determine valence band offsets of semiconductor heterojuctions. The valence band discontinuity ΔE v for a semiconductor heterojunction can be determined from binding energy differences of substrate and absorbate core levels where both substrate (CIS) and absorbate emissions are present (CdS layer thickness about 5-35 Å). This procedure requires the knowledge of the core level binding energy with respect to the valence band maxima of either semiconductor. This quantity may be obtained from the theoretically calculated density of states or by fitting of the experimentally broadened leading edge of valence band emissions [16] . In this work, the valence band discontinuity was determined directly from the valence band difference spectra measured for different CdS coverage. The photoelectron spectra of CIS with different CdS coverage are shown in Fig. 2 . The spectra were normalised to the valence band maximum for the guide for eyes. With increasing CdS thickness, the In 4d intensity decreased, and Cd 4d peaks intensity increased. It can be seen from Fig. 3 that after the coverage of CdS >7 Å, the difference between In 4d and Cd 4d centroids is saturated, indicating that the CIS surface is completely covered with the CdS layer. coverage were performed. The valence band offset ΔE v ≈ 0.7 ± 0.1 eV determined from the linear extrapolation of the valence band maxima of CIS and CdS is presented in Fig. 4 . This value is comparable with ΔE v = 0.6 eV (CdS deposited from Knudsen cell) [17] , 1.18 eV, and 1.25 eV [16, 18] (chemical bath deposited CdS) surface.
Summary and conclusions
CIS thin films were produced by means of the sulfurisation of DC magnetron-sputtered metallic precursor layers on molybdenum-covered soda-lime glass substrates. THz emission efficiency from the surfaces of thin CuInS 2 films excited by femtosecond laser pulses was investigated. Terahertz radiation efficiency was strongly dependent on the stoichiometry of the films obtained and can be a useful tool for the characterisation of CIS absorbers. The valence band discontinuity ΔE v between the CIS thin film surface and thermally evaporated CdS was determined using photoelectron spectroscopy exited by synchrotron radiation. For CdS coverage larger than 7Å, ΔE v is 0.7 ± 0.1 eV.
